The anharmonicity of Li+-(H2)n (n = 1, 2, and 3) complexes is studied using the vibrational self-consistent field (VSCF) approach. The H-H stretching frequency shifts of Li+-(H2)ncomplexes are calculated with the coupled-cluster method including all single and double excitations with perturbative triples (CCSD(T)) level of theory with the cc-pVTZ basis set. The calculated IR active H-H stretching frequency in Li+-H2, Li+-(H2)2 and Li+-(H2)3 is red-shifted by 121, 109, and 96-99 cm-1, respectively, relative to that of isolated H2. The calculated red shifts and their trends are in good agreement with the available experimental data.
I. INTRODUCTION
In recent years, hydrogen has been considered to be a promising fuel source that could meet the future demand for a clean and renewable form of energy. 1, 2 However, the lack of suitable materials for the storage of molecular hydrogen is a challenge that needs to be resolved. Absorbing molecular hydrogen into solid storage materials such as metal hydrides, 3 complex hydrides, 4 metal organic frameworks (MOF), 5 and metal cation doped zeolites 6 is a promising technique to overcome the storage problem.
There is great interest in developing a viable hydrogen storage material for hydrogen powered vehicles which contain a gravimetric density of about 6 wt % hydrogen. 2 Since the Li atom is lightweight, various Li-doped materials have been proposed. For instance, Denq et al. suggested a new Li-doped pillared single-wall carbon nanotube. 7 Furthermore, lithium cation−dihydrogen (Li + −(H 2 ) n ) complexes are simple charged polyatomic molecules that are important for the hydrogen storage problem. The charge−quadrupole interaction between the charge on the Li + and the quadrupole moment of the H 2 ( 1 Σ g + ) can be useful to understanding the various aspects of the design or development of novel materials for hydrogen storage. 3−6 The properties of Li + −(H 2 ) n complexes have been studied experimentally and theoretically. Experimentally, Bieske et al. have reported rotationally resolved infrared spectra of Li + − (H 2 ) n (n = 1−3) complexes in the H−H stretch region. 8 They found that the Li + −(H 2 ) n (n = 1−3) complexes exhibit a H−H stretch band with a center that is red-shifted by 108, 106, and 100 cm −1 , for n = 1, 2, and 3, respectively, relative to the stretching fundamental frequency of the bare H 2 molecule.
Theoretically, Rao et al. have carried out a study using Hartree−Fock (HF) and fourth-order perturbation theory (MP4) with the 6-311G** basis set to explore the amount and nature of hydrogen uptake by both the neutral and cationic forms of Li. 9 Rao et al. have found that the Li + ion can hold at least six H 2 molecules in the first solvation (storage) shell. Davy et al. have studied the geometry, vibrational frequencies, and complexation energies of Li + −(H 2 ) n clusters up to four H 2 molecules using the coupled-cluster method, including all single and double excitations (CCSD) with the 6-311G(d,p) basis set. 10 Davy et al. have reported the zero point energy (ZPE) corrected bond dissociation energy (D 0 ) of complexation is in the range 2.74−4.32 kcal mol −1 per H 2 molecule. The Li + cation was shown to be able to bind up to six H 2 molecules with a mean bond dissociation energy (D e ) of 4.77 kcal mol −1 at the MP2/6-311G(d,p) level of theory. 11 A previous study 12 by the authors analyzed the anomalous trends in the vibrational spectra of a series of M + −H 2 (M + = Li + , Na + , B + , and Al + ) complexes using the vibrational selfconsistent field (VSCF) method, 13−16 augmented by secondorder perturbation theory (PT2-VSCF). 17 In the present work, the PT2-VSCF approach is employed to study molecular hydrogen clustering around the Li + cation. The aim of the current work is to compare the structures of the Li + −hydrogen clusters and the associated vibrational spectra. The results are compared with the experimental vibrational data, including the bond lengths, the frequency of the H−H stretching mode, and the binding energies. The organization of the paper is as follows. Section II describes the computational details. In section III, the geometries and complexation energies and the anharmonic frequencies of the Li + −(H 2 ) n complexes are discussed. Concluding remarks are summarized in section IV.
II. COMPUTATIONAL DETAILS
All calculations were performed using the GAMESS 18, 19 electronic structure code, and molecules were visualized with MacMolPlt. 20 Electronic structure calculations were performed on Li + −H 2 , Li + −(H 2 ) 2 , and Li + −(H 2 ) 3 using the coupledcluster method including all single and double excitations with perturbative contributions from connected triple excitations (CCSD(T)) 21, 22 with the cc-pVTZ 23 basis set.
The geometry optimizations were carried out in C 2v , D 2d , and D 3 symmetries, respectively, for Li + −H 2 , Li + −(H 2 ) 2 , and Li + − (H 2 ) 3 . The CCSD(T) geometry optimizations were performed using numerical gradients. The optimized structures were tightly converged with the largest component of the numerical gradient less than 0.00001 hartree/bohr. The Hessian (matrix of energy second derivatives) was calculated and diagonalized at the optimized geometries. Hessians were calculated fully numerically with a 0.010 bohr displacement step size for the Li + −H 2 and Li + −(H 2 ) 3 molecules and a 0.001 bohr displacement step size for the Li + −(H 2 ) 2 molecule at the CCSD(T)/cc-pVTZ level of theory. All stationary points were characterized as true minima by confirming that the corresponding Hessian is positive definite.
To obtain the anharmonic frequencies, PT2-VSCF calculations were carried out on the potential energy surface (PES) that was generated on a 16 × 16 point grid, by making displacements along normal mode vectors expressed as a sum of simple internal coordinate contributions. 24 For Li + −H 2 three bonds were used to describe the normal modes. 12 For Li + − (H 2 ) 2 six bonds, an angle, and two dihedral angles were used. The Li + −(H 2 ) 3 complex was described by nine bonds, two angles, and four dihedral angles. A series of calculations were carried out in which the spacing of the PES grid points along each vibrational mode was systematically increased until the diagonal frequencies converged, as described by Njegic and Gordon. 25 As described previously, 12 special care was used for all of the Li + −H antisymmetric stretching modes of the Li + − (H 2 ) n complexes.
The IR and Raman intensities were evaluated using the nuclear derivatives of the dipole moment and the static polarizability, respectively, at the HF/cc-pVTZ level using the CCSD(T)/cc-pVTZ optimized geometries. To obtain bond dissociation energies that can be related to experiment, D 0 , ZPE corrections have been obtained using the anharmonic frequencies (PT2-VSCF) at the CCSD(T)/cc-pVTZ level of theory.
III. RESULTS AND DISCUSSION
As shown in Figure 1 , the Li + −H 2 , Li + −(H 2 ) 2 , and Li + −(H 2 ) 3 complexes adopt C 2v , D 2d , and D 3 structures, respectively, at the CCSD(T)/cc-pVTZ level of theory. Li + −H 2 has a T-shaped structure (C 2v ). In Li + −(H 2 ) 2 , the H 2 subunits are in a Tshaped arrangement opposite Li + and perpendicular to each other (D 2d ), with their centers of mass located on a straight line that passes through the Li center. In Li + −(H 2 ) 3 , the three H 2 subunits are tilted relative to each other (D 3 ) and their centers of mass are the vertices of an equilateral triangle. In the three Li + −(H 2 ) n complexes the centers of mass of the H 2 subunits are distributed over a sphere around the Li + in such a way that the repulsion among H 2 subunits is minimized. Table 1 summarizes selected CCSD(T)/cc-pVTZ optimized geometric parameters. The distance between Li + and the H−H bond midpoint (R) increases with the size of the Li + −(H 2 ) n cluster. The R values are obtained experimentally via vibrationally averaged separations (R 0 ), whereas calculated values are equilibrium separations (R e ). As one would expect, R 0 is larger than R e . The H−H bond length changes (Δr HH ) are quoted relative to isolated H 2 , whose calculated bond distance is 0.743 Å. The H−H and Δr HH distances decrease as the size of the Li + −(H 2 ) n cluster increases. Successive addition of the second and third H 2 molecules leads to a slight progressive weakening of the Li + −H 2 bonds, as seen by the 0.0041 and 0.0053 Å increases in the intermolecular bond lengths.
The calculated CCSD(T)/cc-pVTZ harmonic and anharmonic (VSCF-PT2) vibrational frequencies, and IR and Raman intensities along with other available published calculations and experimental data are tabulated in Tables 2 (for n = 1, 2) and 3 (for n = 3) for the Li + −(H 2 ) n complexes. All three vibrational modes of Li + −H 2 are assigned as stretching modes. The Li + − (H 2 ) 2 complex has six stretching, two bending, and a torsional mode. The Li + −(H 2 ) 3 complex has nine stretching, three bending, and three torsional modes. In general, 3n symmetric stretching modes can be identified in the Li + −(H 2 ) n complexes, where n is the number of H 2 molecules in the complex.
The Vibrational molecular motions in Li + −(H 2 ) n clusters can be assigned, based on the normal mode vectors, to one of the following three main vibrational regions: H−H stretch (∼4000 cm −1 ), Li + −H 2 stretch (∼500 cm −1 ), and bending and torsion (below ∼100 cm −1 ). There is excellent agreement (within 20 cm −1 ) of the PT2-VSCF frequencies with the available experimental data. Upon the addition of the second and third H 2 molecules, the slight increase in the intermolecular bond length is consistent with the trend in the calculated H−H stretching (A 1 ) PT2-VSCF frequencies [n = 1, 4045 cm −1 ; n = 2, 4058 cm −1 ; n = 3, 4081 cm −1 ]. In each Li + −(H 2 ) n complex, the highest H−H harmonic stretching frequency undergoes an anharmonic shift (relative to the harmonic frequencies) of Table 5 . The calculated D 0 and other calculated data in the literature are in good agreement. According to Table 5 , for all of the complexes studied, D 0 decreases, as expected, with an increasing number of H 2 units. This trend is consistent with the increase in the R e of the complex with an increasing number of H 2 units. The vibrational information also reveals how the extent of the H−H intramolecular interactions is related to that of the corresponding Li + −H 2 bond. A stronger Li + −H 2 bond implies that electron density is transferred from the H 2 to the Li + , which results in a weakening of the H−H bond and, 
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